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A B S T R A C T

Copper zinc tin sulfide (CZTS) absorber layer attracts so much attention in photovoltaic industry since it contains
earth abundant, low cost and non-toxic elements contrary to other chalcogenide based solar cells. In the present
work, CZTS absorber layers were prepared following a two-stage process: firstly, a stack of metal precursors
(Copper (Cu)/Tin (Sn)/Zinc (Zn)/Copper (Cu)) were deposited on molybdenum (Mo) substrate by magnetron
sputtering, then this stack was annealed under S atmosphere inside a tubular furnace. CZTS thin films were
investigated using energy dispersive X-ray spectroscopy, X-ray diffraction, scanning electron microscopy and
Raman spectroscopy. The effect of sulfurization time and the thickness of top and bottom Cu layer in precursors
on the properties of CZTS thin films were investigated. The importance of Cu thickness adjacent to Sn to avoid
detrimental phases was addressed. The significance of sulfurization time to restrict the Sn and Zn losses, for-
mation of oxides such as tin dioxide and zinc oxide, and formation of molybdenum disulfide and voids between
Mo/CZTS interface was also addressed. Moreover, cadmium sulfide buffer layer, which is conventionally used in
CZTS solar cells, is replaced by an environmentally friendly alternative zinc oxysulfide buffer layer.

1. Introduction

Currently, there exist two major thin film technologies that have
been commercialized, namely cadmium telluride (CdTe) and copper
indium gallium diselenide (CuInxGa1-x(S,Se)2, or CIGS). These tech-
nologies have high conversion efficiencies both in commercial pro-
duction and in laboratory scale. Conversion efficiencies have reached
recently up to 22.1% [1] for CdTe and 22.6% [2] for CIGS. Despite the
higher conversion efficiencies of these semiconductors, the toxicity of
cadmium (Cd) element and, availability problem and high cost of in-
dium and Gallium elements restrict the production capacity of these
thin film solar cells. Non-toxic and earth abundant materials are needed
for long term viability of thin film solar cells. One such material is
copper zinc tin sulfide (Cu2ZnSnS4); commonly known as CZTS. Since
this material is non-toxic and its component elements are abundant in
the earth's crust, CZTS solar cells are free from both resource-saving
concerns and environmental pollution. In addition, CZTS is a p-type
semiconductor with talented physical properties, such as the direct
band gap of 1.5 eV, high optical absorption coefficient (> 10−4 cm−1),
low thermal conductivity, etc. [3,4]. Band gap of CZTS is ideal to

convert the maximum amount of energy from the solar spectrum into
electricity [5]. Owing to its high absorption coefficient, only a few
microns thick layer of CZTS is enough to absorb all the photons with
energies above its band gap. Due to these important features, CZTS is
expected to be one of the promising materials for thin film solar cells.
To date, the world record efficiencies of 9.2% and 9.4% for pure sulfide
CZTS solar cell have been achieved by Hiroi, et al. and Tajima, et al.,
respectively [6,7]. Although this is somewhat less efficient than the
current efficiencies of other technologies, it offers a cost-effective so-
lution by utilizing less expensive materials and large-scale production
[8].

There are several reasons for the poorer photoconversion effi-
ciencies of CZTS based solar cells. Control of secondary phase formation
in CZTS is a main point for achieving high efficiency devices. Binary
and ternary secondary phases such as copper (II) sulfide (CuS), copper
(I) sulfide (Cu2S), copper tin sulfide (Cu2SnS3), zinc sulfide (ZnS), tin
sulfide (SnS), and tin disulfide (SnS2) can easily form during the growth
process of CZTS since single phase CZTS can be formed in a very narrow
stability region in phase diagram [9,10]. Moreover, CZTS shows low
thermal stability at high temperature (> 500 °C) [11]. CZTS
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decomposes into solid Cu2S and ZnS due to the evaporation of SnS and
sulfur (S) from the film at high temperatures [12]. Because of the for-
mation of tin (Sn)-depleted surfaces, Sn vacancies, and Cu2S and ZnS
secondary phases, the performance of CZTS solar cells degrades.
Therefore, it is extremely important to reduce Sn loss during annealing
to achieve highly efficient CZTS devices. Intrinsic defects in CZTS ab-
sorber layer also play an important role in view of solar cell perfor-
mances. Several intrinsic point defects are possible for CZTS quaternary
compound, including antisite defects (CuZn, ZnCu, CuSn, SnCu, ZnSn, and
SnZn), vacancies (VCu, VZn, VSn, and VS) and interstitial defects (Cui, Zni,
and Sni) [13]. These defects can manifest as shallow or deep levels
within the band gap, can serve as donor or acceptor, and can act as
traps or recombination centers, thus the opto-electronic properties of
the host material are affected. It has been shown that CZTS absorber
layer with copper (Cu)-poor and zinc (Zn)-rich composition are gen-
erally accepted in the literature for the realization of high efficiency
CZTS devices [14,15] since this composition suppress the formation of
deep level defects like CuSn and harmful secondary phases like CuS and
Cu2S. The Cu-poor and Zn-rich composition of CZTS films with Cu/
(Zn+ Sn)≈ 0.8 and Zn/Sn≈ 1.2 is suggested as the most suitable
composition for high-performance solar cells both theoretically [16]
and experimentally [17–20].

Stacking order of the precursor also plays an important role on the
performance of the CZTS solar cells since it affects the chemical com-
position, morphology and phase of the resulting CZTS thin film [21].
Araki et al. prepared CZTS films by the sulfurization of electron-beam-
evaporated metal precursors with six different stacking orders to create
three-layered films [22]. It was reported that higher conversion effi-
ciency (η) can be obtained when Cu and Sn adjacent to each other in the
precursor film. Different stack sequences Cu, Zn and Sn were deposited
on Mo-coated glass by sputtering [23]. Voids were observed for all
CZTS films, especially for CZTS films fabricated using precursor that Cu
is not adjacent to Sn. Based on the results in [22], they concluded that
when Cu is not adjacent to Sn, it's difficult to form Cu2SnS3 which is
reactant to produce CZTS with ZnS. Stack sequences of Mo/Zn/Cu/Sn
and Mo/Zn/Sn/Cu were fabricated by Fernandes et al. and they re-
ported that the Cu layer on top reduces the loss of Zn and Sn and allows
CZTS films with better crystal quality [24]. Detailed growth path of
CZTS was reported by Su et al. [25]. It was found that CZTS with high
phase purity can be obtained by controlling the stacking order and the
Cu/(Sn+Zn) ratio. A phase purity as high as 93% was obtained by
having Cu and Sn adjacent to each other in the precursors. They showed
that the existence of and reaction among Cu2S, Cu2SnS3 and ZnS, which
depend on the stacking order, determine the percentage of CZTS. When
more Cu2SnS3 was formed, more CZTS was obtained. By considering the
last stage reaction to form CZTS, it was realized that most complete
sulfurization and higher percentage of CZTS can be obtained by re-
duced percentages of both cubic Cu2SnS3 and ZnS in the final film.
Moreover, when both Cu2SnS3 and ZnS do not decrease simultaneously,
the sulfurization is less complete and therefore the final reaction is
inhibited such that the CZTS phase is the lowest.

Currently the standard technique of producing CZTS solar cells is to
use cadmium sulfide (CdS) grown by chemical bath deposition (CBD) as
buffer layer. Although yielding the best device performance, there are
some debates on the fundamental issues with this buffer layer. Firstly, it
contains toxic Cd. Secondly, the CBD process implies additional pro-
duction costs compared to the dry process when industrially im-
plemented. In addition, the usage of a material with a wider bandgap
(Eg) than CdS (Eg(CdS) = 2.4 eV) [26] could lead to increase in the cell
performance due to minimization of the photon loss in the blue wa-
velength range. Therefore, alternative materials are being sought that
can replace this layer with something that is environmentally suitable
and that does not lower the performance. Among the different alter-
natives to CdS, zinc oxysulfide (Zn(O,S)) alloys has emerged to be one
of the most promising candidates for this purpose. The S/(S+O) ratio
in Zn(O,S) can be easily varied by changing the experimental

parameters, for example, changing O2/Ar gas mixture ratio during
sputtering. As their composition is varied, key parameters such as
conduction band offset (CBO), Eg, and conductivity can be precisely
tuned [27–31]. A large Eg (2.6–3.8 eV) of Zn(O,S) allows a greater
collection of high-energy electrons, and thus reducing the photocurrent
loss in the short wavelength region. Moreover, recombination at the
buffer interface can be minimized by the careful adjustment of the S
content [32]. Furthermore, variations of the S and O contents in the Zn
(O,S) buffer layer allows the tuning of the CBO value at the p-n junction
interface, giving extra possibility to increase the efficiency.

The highest reported efficiencies for CIGS solar cells have been
achieved by the Zn(O,S) buffer layers deposited either by CBD or
Atomic Layer Deposition (ALD), 20.9% [33] and 21.0% [34], respec-
tively. Recently, CIGSe devices with efficiencies exceeding 18% were
also obtained by using a Zn(O,S) buffer layer grown by RF-sputtering
from a mixed target with an argon (Ar) pressure of 0.5 Pa [35]. So far,
very few experimental attempts have been made to investigate the
performance of CZTS/Zn(O,S) devices (pure sulfide). Ericson et al.
evaluated S to O ratios of Zn(O,S) films grown by ALD to find an ap-
propriate CBO between the CZTS absorber and the Zn(O,S) buffer [36].
The best CZTS/Zn(O,S) device with an efficiency of 4.6% was achieved
by Zn(O,S) 6:1 buffer, and the best reference cell with CdS buffer gave
7.3% efficiency. Yan et al. investigated band alignment between CZTS
absorber and Zn(O,S) buffer. However, no efficiency was measured for
the device with a Zn(O,S) buffer due to the high CBO of around 0.9 eV
[37].

In the present work, fabrication of CZTS thin films was performed
by a two-stage process: firstly, a stack of metal precursors was deposited
by magnetron sputtering, then this stack was annealed under S atmo-
sphere. These precursors have the same stacking order (Cu/Sn/Zn/Cu)
but have different thicknesses of Cu shared between top and bottom of
the precursor stack. These precursor stacks sulfurized for different
durations which is one of the most important parameter for the for-
mation of the CZTS absorber material with desired stoichiometry and
optimal crystalline quality. The effect of sulfurization time and the
thickness of top and bottom Cu layer in precursors on the properties of
CZTS thin films were investigated. The importance of thickness of Cu
layer adjacent to Sn and sulfurization time to avoid detrimental phases,
to restrict the Sn and Zn losses and to get higher quality CZTS absorber
layers were addressed. The performance of these absorbers in CZTS
solar cells fabricated by environmentally friendly Zn(O,S) buffer layer
were further investigated. All thin films used to form CZTS solar cell
structure were deposited entirely using only the magnetron sputtering
technique since sputtering offers a wide range of advantages, such as
high adhesion of films, excellent coverage, easy adaptation to large-
scale and reproducible manufacturing. Moreover, in the literature,
CZTS solar cell with the highest efficiency has been grown by a sput-
tering technique [7].

2. Experimental

Mo electrode layers with the thickness around 1 μm were deposited
on soda-lime glass (SLG) substrates by DC magnetron sputtering. Bi-
layer deposition process was used to ensure good adhesion to SLG and
good electrical properties for Mo layers [38,39]. The deposition of Mo
was started at a higher working pressure (1.67 Pa) and then decreased
to lower working pressure (0.33 Pa) (Teknoma Technological Materials
Industrial and Trading Inc.). Fabrication of CZTS thin films was per-
formed by a two-stage process. In the first stage of the process, Cu, Zn,
and Sn metallic precursors were deposited sequentially on Mo coated
SLG substrates by multi target DC magnetron sputtering from 2-in.-
targets of Cu (99.999%), Zn (99.99%) and Sn (99.999%) at room
temperature [4,40]. The Mo coated SLGs were loaded in the system and
the chamber was evacuated to a base pressure of 1.07mPa. Pure Ar gas
with 30 standard cubic centimeters per minute (sccm) flowing rate was
fed into the chamber and the working pressure was maintained at
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0.66 Pa during the sputtering. In order to grow sequentially layered
metallic precursors in the Cu/Sn/Zn/Cu layer ordering, 41, 40, 20 and
41WDC bias was applied to the Cu, Zn, Sn and Cu targets, respectively.
Sputtering power and deposition time were adjusted to obtain a 630 nm
thick precursor to have Cu, Sn and Zn layers with the thickness of 175,
165 and 290 nm, respectively. These metal ratios were chosen by
considering the stoichiometry reported in the literature for most effi-
cient CZTS based solar cells which have Zn-rich and Cu-poor nominal
composition, close to Cu:Zn:Sn:S= 1.80:1.20:1.00:4 [14, 15, 17, 41].
Using the same stacking order, two types of precursors having different
thicknesses of Cu. The structure of Type 1 is SLG/Mo/Cu(55 nm)/Sn
(290 nm)/Zn(165 nm)/Cu(120 nm) and Type2 is SLG/Mo/Cu(120 nm)/
Sn(290 nm)/Zn(165 nm)/Cu(55 nm) were fabricated. For both Type 1
and Type 2 structures, Cu layer deposited on the top of the stack since
Cu is non-volatile (low vapor pressure at 2.3 μPa) and it protects the
loss of volatile Sn and Zn. Therefore, capping with Cu minimize Sn loss
during the sulfurization process and prevent the ZnS formation over the
surface CZTS. Moreover, Cu layer at the bottom of the precursor stack
prevent the adhesion problem of the Zn and Sn to the Mo surface ac-
cording to our preliminary works. Sulfurization of the metallic pre-
cursor to synthesize CZTS absorber layer was performed in a Lindberg/
Blue M tube furnace under Ar atmosphere. The precursor stack was
positioned on the middle of the quartz tube on a graphite support which
has a good thermal conductivity and was used to provide a low tem-
perature gradient throughout the thickness of the sample. 600mg S
powder (Scharlau, synthesis grade, 99% purity) in a graphite box was
weighted and placed 18 cm away from the precursor stack into the
quartz tube. 70 sccm Ar was flowed into the quartz tube by a MKS 647C
mass flow controller as a carrier gas during the sulfurization process.
The pressure of the quartz tube was maintained at atmospheric level.
Specific temperature profile was fallowed during sulfurization: ramp of
10 K per minutes is used and firstly stopped at 543.15 K for three
minutes to provide formation of binaries like CuS, SnS, ZnS and then
raised to 823.15 K, a temperature was maintained at 823.15 K for 30,
45 and 60min to investigate the effect of sulfurization time on the
properties of CZTS films. In our previous report, it was shown that the
uniformity and density of the CZTS films increased for sulfurization
temperatures between 823.15 K–843.15 K [40]. Therefore, sulfurization
was performed at 823.15 K. After sulfurization, the films were cooled
naturally (about 1 h). The final thickness of the CZTS films after sul-
furization was around 1.2 μm. Growth parameters and structures of the
samples discussed in this work are given in Table 1. Zn(O,S) buffer
layers with a thickness of 50 nm were deposited on fabricated CZTS
absorber layers by reactive RF magnetron sputtering from a ceramic
ZnS target with 2-in. diameter. Typical deposition parameters were a
base pressure of 0.26mPa, an RF power of 40W and target to substrate
distance was 8 cm. During deposition, substrate temperature was fixed
at 473.15 K to improve the crystalline quality and the adhesion of the
films. Ar and O2 gases were fixed at 50 sccm and 0.5 sccm, respectively,
which resulted in Zn(O,S) layers with the S concentrations around Xs

(S/S+O)= 0.53 with a band gap energy of 2.87 eV. The zinc oxide
(ZnO) layers with a thickness of 40 nm were deposited on Zn(O,S)
buffer layers by using a RF magnetron sputtering. Typical deposition

parameters were a base pressure of 0.4mPa, a working pressure of
1.12 Pa, an RF power of 50W and target to substrate distance was 9 cm.
Transparent conductive aluminum doped zinc oxide (AZO) layer was
deposited onto ZnO layer by DC magnetron sputtering from 2-inch-
ceramic targets of ZnO:Al2O3 ((98wt% ZnO and 2wt% Al2O3)) at room
temperature [42]. Deposition was performed with an DC power of 50W
and 50 sccm Ar gas flow for 120min. The AZO films have an average
transmittance above 85% in the visible range (400–800 nm) and re-
sistivity of 2.02×10−3Ω.cm. After the deposition of AZO layer, the
cell active area is defined out of a large area of the CZTS solar cell stack
by removing the layers on top of the Mo outside the cell area. No anti-
reflection coatings were deposited to cells. Finally, the cells were di-
rectly contacted with Ag epoxy via the window layer for electronic
characterization.

To obtain information about crystal structures of the CZTS films, X-
Ray Diffraction (XRD) was carried out in the Bragg-Brentano focusing
geometry on a Phillips X'Pert Pro X-Ray diffractometry, with Cu Kα
radiation (λ=1.5406 Å). XRD patterns were recorded from
2θ=20–80° with step size of 0.016° for all samples. A Veeco DEKTAK
150 profilometer was used to determine the thicknesses of the films.
Raman studies were performed using High-resolution Raman spectro-
scopy (Princeton Instruments, Acton SP2750 0.750mm Imaging Triple
Grating Monochromator) in the back-scattering mode with spectral
resolution of 1 cm−1 at room temperature. A wavelength of 488 nm and
514.5 nm IoneAr+ was used with a 100mW power. FEI-QuantaFEG
250 Scanning Electron Microscopy (SEM) with operating voltage of
20 kV was employed to characterize CZTS absorber and to have an idea
about the morphology of the material, average grain size and the pre-
sence of undesired phases leaning on its surface. Energy Dispersive X-
Ray Spectroscopy (EDS) analysis of the CZTS films was performed by
FEI-QuantaFEG 250 SEM equipped with Oxford X-act EDS to determine
the stoichiometry of the films. The performance of the CZTS thin film
solar cell devices, such as Open circuit voltage (Voc), Short circuit
current density (Jsc), fill factor (FF) and η, was analyzed by current
density-voltage (J-V) characterization. Keithley 2182A Source Meter
and LabVIEW program were used to obtain J-V characteristics at room
temperature. The calibration of our system was done using Newport
91,192 model 300W solar simulator under ambient conditions (1 kW/
m2, AM 1.5G illumination, room temperature).

3. Results and discussion

3.1. Compositional and morphological analysis of CZTS thin films

SEM images of the Type 1 and Type 2 CZTS films sulfurized for
different periods are shown in Fig. 1. For both Type 1 and Type 2
samples, there are no significant changes in the microstructure with
respect to sulfurization time. SEM images of all samples indicate that
CZTS films contains large grains with a size around 800 nm. For Type 1
CZTS thin films, sample A and B shows large flat crystals over the
sample surface as can be seen in Fig. 1(a) and (b). According to our
preliminary works on the morphology of the CZTS films, these crystals
are attributed to SnS2 (Fig. 2). The EDS of one of the CZTS film is given

Table 1
Growth parameters of the samples.

Layer ordering Cu thickness (nm) Sulfurization temperature (K) Sulfurization duration (min)

Bottom Top

Type 1 Sample A Cu/Sn/Zn/Cu 55 120 823.15 30
Sample B Cu/Sn/Zn/Cu 55 120 823.15 45
Sample C Cu/Sn/Zn/Cu 55 120 823.15 60

Type 2 Sample D Cu/Sn/Zn/Cu 120 55 823.15 30
Sample E Cu/Sn/Zn/Cu 120 55 823.15 45
Sample F Cu/Sn/Zn/Cu 120 55 823.15 60
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below. The crystals are mainly composed of Sn and S, detection of Cu
and Zn is due to penetration of electrons through the sample. Our at-
tribution is also consistent with the works on SnS2 secondary phase in
CZTS [43,44].

The formation of SnS2 phase over the sample surface is evidence of
leaving of Sn from the film. This instability of the Sn during the sul-
furization of the CZTS limits the sulfurization time due to Sn losses. For
short sulfurization duration, there are many SnS2 crystals on the surface
which indicates Sn-rich composition of the film. Increasing the sulfur-
ization time leads to decrease in the amount of SnS2 phase over the
surface. Finally, it disappears for long sulfurization duration due to the
decomposition reaction of SnS2, 2SnS2 (s)→ 2SnS (g)+ S2 (g).

EDS spectroscopy was performed to investigate the effect of sul-
furization time on the chemical composition of the synthesized CZTS

Fig. 1. SEM images of Type 1 and Type 2 CZTS samples a) Sample A b) Sample B, c) Sample C, d) Sample D e) Sample E and f) Sample F.

Fig. 2. SEM image and EDS result of SnS2 crystals on CZTS.

Table 2
The average elemental compositions and elemental ratios of the Type 1 and
Type 2 CZTS thin films.

Cu
(at.
%)

Zn
(at.
%)

Sn
(at.
%)

S (at.%)
( )
Zn

Sn +( )
Cu

Zn Sn + +( )
Sn

Cu Zn Sn

Type 1 Sample A 20 11 14 54 0.80 0.79 1.20
Sample B 27 15 12 46 1.19 0.98 0.87
Sample C 28 15 12 45 1.25 1.04 0.83

Type 2 Sample D 22 12 12 54 0.98 0.89 1.19
Sample E 21 12 12 55 1.01 0.89 1.21
Sample F 21 12 12 55 1.01 0.85 1.20
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thin films. Large area EDS scans were performed (approximately
150 μm2) to include several grains. Table 2 shows the average ele-
mental compositions and elemental ratios of the CZTS thin films. In
fact, thicknesses of the Cu, Zn, and Sn films were adjusted to get Cu-
poor and Zn-rich composition of the CZTS films by considering the
molar fractions of Cu, Zn, and Sn. However, Different compositions
were obtained due to the loss of Sn by the evaporation of SnS binary
compound and evaporation of Zn.

For Type 1 samples, it is observed that Sn and S content decreases
with increasing sulfurization time. For short sulfurization duration,
high amount of SnS2 phase over the surface results in S and Sn-rich
composition of the film. When the sulfurization time increased, Sn
composition of the film decreases due to Sn losses. By investigating the
rates of Sn loss for the CZTS films and multilayers of binary sulfides,
Weber et al. concluded that in addition to direct evaporation of SnS,
there is a decomposition pathway of CZTS; Cu2ZnSnS4 (s)→ Cu2S
(s)+ ZnS (s)+ SnS (g)+ 1/2S2 (g) [45]. According to the decom-
position pathway of CZTS, SnS and disulfur (S2) are assumed to eva-
porate from the surface of the sample. Both SnS2 and CZTS decom-
position reactions can explain why the amount of S reduces by
decreasing amount of Sn in our samples.

For Type 2 samples, nearly same Sn and S content independent of
sulfurization time have been observed. This behavior is attributed to
higher Cu thickness at the bottom of precursor stack. To form CZTS, the
last stage is through Cu2SnS3+ZnS→ Cu2ZnSnS4 [46,47]. During the
sulfurization Cu and Sn react with S easily and Cu2SnS3 forms by the
reaction of Cu2-xS with SnS2. As discussed in the introduction part,
when Cu is not adjacent to Sn, it's difficult to form Cu2SnS3 which is
reactant to produce CZTS with ZnS [22,23,25]. It is thought that when
Cu thickness at the bottom of the stack is high, more Cu2-xS and SnS2
react and form Cu2SnS3 easily since higher amount of Cu adjacent to Sn.
Since Sn is bounded by the formation of Cu2SnS3, Sn loss decreases.
When Cu thickness at the bottom of the stack is low, less Sn is bounded,
and Sn loss increases.

Fig. 3 shows how elemental ratios of the Type 1 and Type 2 samples
change with sulfurization durations. While the relative ratios of Cu/
(Zn+ Sn), Zn/Sn, and S/(Cu+Zn+Sn) show different trends ac-
cording to the sulfurization time due to formation of SnS2 phases and
the loss of Sn for Type 1 samples, these ratios show similar trend ac-
cording to the sulfurization time for Type 2 samples. As mentioned
previously, Cu-poor and Zn-rich composition, which is generally ac-
cepted in the literature for the realization of high efficiency CZTS de-
vices, may be desirable to suppress the formation of CueS phases,
harmful defects and defect clusters such as CuZn, CuSn, (CuSn+ SnCu)
and (CuZn+ SnZn). However, due to volatility of Zn and Sn, both Cu-
poor and Zn-rich composition for any of the samples could not be
succeeded. While Cu-stochiometric and Zn-rich composition for Type 1

samples except for Sample A was obtained, Type 2 samples have Cu-
poor and Zn-stochiometric composition. For Type 2 samples, Zn/Sn
ratio close to 1 may eliminate the formation of ZnS phase which cause
detrimental effect on CZTS devices. Cu-poor and Zn-poor composition
with high S and Sn content for Sample A may indicate the higher
amount of SnS2 phase. For sample B and C, low S content below %50
with S/(Cu+Zn+Sn) < 1 was observed due to the loss of S resulting
from decomposition reactions discussed above. It is believed that low S
content in the CZTS films may cause the change of conduction from p-
type to n-type and reduction of hole concentration due to high con-
centration of Vs [48]. For all Type 2 samples, S content above 50% with
S/(Cu+Zn+Sn) > 1 was obtained which is important to reduce Vs

and get higher p-type conductivity.

3.2. XRD analysis of CZTS thin films

CZTS compound may exist in two main crystal structures, known as
kesterite (KS) and stannite (ST). Fig. 4 shows the XRD patterns of the
CZTS films with Type 1 and Type 2 structure. It can be seen that all of
the films have a polycrystalline structure and exhibit characteristics
peaks of CZTS along (110), (112), (103), (200), (202), (211), (105),
(220), (312), (224), (008) and (332) crystallographic directions at 2θ
values 23.18, 28.53, 29.74, 33.04, 37.02, 37.96, 45.01, 47.40, 56.15,
58.93, 69.31 and 76.49°, respectively. Although XRD patterns match
well with the standard XRD pattern of KS CZTS (JCPDS 26–0575) and
those of the previously reported by other groups, peaks along (112),
(200), (220), (312) and (224) directions at 2θ values 28.53, 33.04,
47.40, 56.15 and 58.93°, respectively, may indicate the presence of ZnS
(JCPDS 05–0566) and Cu2SnS3 (JCPDS 027–0198) phases. It is clear
from the XRD patterns that all the samples have good crystallinity and
show preferential orientation along (112) direction with approximately
same peak intensity. Extra peaks for Type 1 structure are attributed to
the presence of tin dioxide (SnO2) at 26.60° (110) and 33.85° (101),
which are the preferential orientation for SnO2 (JCPDS 041–1445). For
Type 2 structure, extra peaks are attributed to the presence of ZnO
(JCPDS 00–036-1451) at 34.50 (002) and 36.10° (101) and mo-
lybdenum dioxide (MoO2) (JCPDS 00–032-0671) at 25.70° (111). Mo
might be oxidized before placing the substrate into the magnetron
sputtering system. Additional peaks at 42.58 couldn't be assigned any
phases despite of detail investigation for Type 2 samples. A signal from
the Mo back contact can be seen at 40.5° (110) (JCPDS 042–1120) for
all samples. This peak also includes molybdenum disulfide (MoS2) peak
at 40.99° (JCPDS 024–0515). MoS2 phase could not be distinguished by
XRD since it has the strongest peak at 14.4° (JCPDS 024–0515) but this
value is outside the measurement region of our XRD spectrometer.
Moreover, the diffraction peaks at around 73.60° may correspond to
both (205) diffraction peak of MoS2 at 73.66° (JCPDS 037–1492) and

Fig. 3. Change in elemental ratios of the (a) Type 1 and (b) Type 2 CZTS samples with different sulfurization durations.
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(211) diffraction peak of Mo at 73.68° (JCPDS 042–1120). The peaks
correspond to SnS2 phase could not be detected by XRD (JCPDS
023–0677), it may be due to XRD detection limits or since this phase
does not spread over the entire film surface. Moreover, SnS2 has the
strongest peak at 15.02° but this value was outside our measurement
region.

ZnO, sulfur dioxide (SO2) and SnO2 are thermodynamically favor-
able native oxides on CZTS relative to copper oxide (CuO) since they
have high enthalpy of formation [49]. However, SO2 can easily eva-
porate due to its high vapor pressure. Evolution of SnO2 interfacial
phase over the sulfurization time can be clearly seen in the XRD graphs
of CZTS films with Type 1 structure (Fig. 4(a)). While the films sul-
furized for 30min does not show any sign of SnO2 phase, the films
sulfurized for 45min and 60min show SnO2 peaks along (200), and
(332) crystallographic directions. Moreover, the intensity of the SnO2

peak increases as the sulfurization time increases. These results indicate
that sulfurization at high temperature (823.15 K) for longer durations
trigger the formation of SnO2 which results from oxygen exposure
during the sulfurization. The formation of SnO2 results from removing
the Sn from the CZTS thin film and evidence of loss of Sn in CZTS.
Moreover, considering the formation of SnO2, it is thought that if the
thick Cu layer is not adjacent to Sn layer, Cu cannot bound Sn by the
formation of Cu2SnS3 and Sn loss increases. By considering SnO2 as an
indicator for Sn loss, it is concluded that the formation of SnO2 cause
the severe loss of Sn in CZTS and Sn loss increases for long sulfurization
times due to more oxygen exposure. This tendency is in good agreement
with the EDS results.

Evolution of ZnO interfacial phase over the sulfurization time can be
clearly seen in the XRD graphs of CZTS films with Type 2 structure
(Fig. 4(b)). The intensity of the ZnO peak increases as the sulfurization
time increases which indicates that sulfurization for longer durations
trigger the formation of ZnO at high temperature for the precursors
having thin Cu cap layer. It is thought that this thin Cu cap layer cannot
prevent the diffusion of Zn to the surface and formation of ZnO, while
the formation of SnO2 is prevented by thick Cu layer at the bottom of
the stack.

3.3. Raman scattering analysis of CZTS thin films

The most probable ZnS cubic phase and both cubic and tetragonal
Cu2SnS3 phases exhibit a crystal structure very similar to CZTS, so it is
quite difficult to distinguish these phases from CZTS phase by XRD.
Therefore, these absorbers have been further examined by the Raman
spectroscopy. It is observed that the most intense peak in the Raman
spectra of Type 1 samples lies between 330 and 332 cm−1 (Fig. 5(a)). In
fact, A mode of KS has been observed between 331 and 338 cm−1 and

varies with the synthesis method although reports of 337–338 cm−1 are
the most common [50]. A mode results from vibrations of only anion
lattice and its vibrational frequency w is given by =w k M/ s , where k
is the lattice vibration force constant and MS is the atomic mass of S. In
the case of Cu-poor and Zn-rich condition, respective bonds elongate by
the expansion of the unit cell due to higher atomic weight of Zn
(65.38 g/mol) than atomic weight of Cu (63.55 g/mol). Increase of the
bond length tends to reduce the force constant and thus soften phonons
mode to lower vibration frequency than A symmetry mode of KS at
338 cm−1. Moreover, defects result from Cu-poor and Zn-rich condition
such as ZnCu and VCu may promote additional non-center phonon
scattering to the Raman line and results in Raman bandwidth broad-
ening [51]. Shifting of the A mode of KS towards lower frequencies is
attributed to the existence of disorder effects caused by the high con-
centration of intrinsic structural defects in the CZTS films. Even in
stoichiometric compounds, the existence of CuZn and ZnCu antisite de-
fects has been demonstrated using neutron powder diffraction method
[52]. It is now generally believed that CZTS crystallizes in the KS
structure with the same amount of disordered KS phase. Presence of this
disordered KS phase is characterized by a random distribution of Cu
and Zn cations in the CueZn planes and the leads to changes space
symmetry from KS type I4 to a disordered KS phase I42m symmetry.
The binding energy difference between KS and ST structures is about
3meV/atom, thus, it may be supposed that the difference in binding
energy between the KS and disordered KS structures may be< 3meV/
atom [53]. For Type 1 CZTS films, the formation of CZTS is confirmed
by the presence of an intense peaks located at about 330 cm−1 which
belongs to A mode of the disordered KS structure and weak peaks
around 257 cm−1 (B(LO)) [54], and 270 cm−1 (A mode) [55]. More-
over, broad shoulders at the right and the left of the main CZTS peak
can be explained by CZTS modes at 286 cm−1 (A mode), 308 cm−1 (B
(TO) mode), and 370 cm−1 (B (LO) mode) [54–56]. These broad
shoulders may possibly include peaks at 297 and 337 cm−1 for tetra-
gonal Cu2SnS3, 303 cm−1 and 356 cm−1 for cubic Cu2SnS3, 318 cm−1

for orthorhombic Cu2SnS3, 275 and 352 cm−1 for cubic ZnS and
314 cm−1 for SnS2 [57]. Peaks at 404 cm−1 corresponds to MoS2 phase
for Sample B and C [58]. Presence of this phase implies that part of
CZTS absorber is not continuous which may lead to serious shunting. In
addition, Raman measurements confirm the presence of SnO2 phase by
the broad peaks located around 475 cm−1 and 630 cm−1 [59].

Since Raman spectra of Type 1 samples give a general broadening
due to the reduction in phonon correlation length caused by disorder, a
special attention was given for the range 250–450 nm since main
Raman modes of CZTS and many secondary phases lies in this range. In
order to clarify the presence of the peaks was not experimentally re-
solved in our spectra, the experimental spectra were fitted with

Fig. 4. XRD patterns of CZTS thin films with (a) Type 1 and (b) Type 2 structure.
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Lorentzian curves using Origin program (Fig. 6(a)). Firstly, it was as-
sumed that the film contains only the KS CZTS structure, the peak po-
sitions were settled according to mostly reported Raman modes of KS
CZTS with disordered KS peak at about 331 cm−1 and allowed to vary
to get the best fit to the experimental spectra. Significant deviations
were observed between the fixed peak positions before deconvolution
and the varied peak positions after deconvolution. Then, presence of KS
CZTS peak at about 338 cm−1 was taken into account and deconvolu-
tions improved significantly. This indicates that both KS and disordered
KS structures coexists in the real structure of our CZTS thin films with
the dominance of disordered KS structure as can be seen in Fig. 6(a). To
determine the goodness of fit, reduced chi-square and adjusted r square
values were employed. During an iterative procedure, reduced chi-
square value decreases and r-square value closes to 1 as the goodness of
the fit increases. According to the deconvolution results, the main peak

positions are around 330 cm−1 for the Type 1 films. In addition to the
disordered KS peak, Type 1 films also have peaks at around 286 and
338 cm−1 which are assigned to the main vibrational A symmetry
modes of KS CZTS [54–56]. Presence of these peaks point out that the
Type 1 CZTS films are mixture of disordered KS and KS phases, which is
not very unusual for non-stoichiometric compositions [60]. Type 1
films also show peaks at around 257 cm−1 and 268 cm−1 which are
attributed to the B mode of longitudinal optical vibration (B(LO)) and A
vibration modes of KS CZTS, respectively [55,56,61]. Peaks observed at
around 275 cm−1 might be attributed to the ZnS secondary phase [57].
Peaks detected at 350 cm−1 may be attributed to both ZnS and B mode
of transverse optical vibration (B(TO)) of KS CZTS [55,57]. Peaks
around 313 cm−1 might be attributed to the SnS2 secondary phase [57]
or to B(TO) vibration of KS CZTS [55]. Peaks around 296 cm−1 and
304 cm−1 may be attributed to the tetragonal Cu2SnS3and Cubic

Fig. 5. Raman spectra of CZTS thin films with (a) Type 1 and (b) Type 2 structure.

Fig. 6. Deconvoluted Raman spectra of CZTS thin films with (a) Type 1 and (b) Type 2 structure.
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Cu2SnS3, respectively [57]. In addition, our deconvoluted spectrum
give other contributions about 364 cm−1 and 377 cm−1 which are as-
sociated with the E(LO) mode and B(LO) mode of KS CZTS, respectively
[54]. According to Raman analyses, presence of a ZnS and Cu2SnS3
phases cannot be ruled out for type 1 CZTS films. In fact, such broad
shoulders at the right and the left of the main CZTS peak indicates the
presence of Cu2SnS3 and ZnS phases even without deconvolution. Both
disordered structure and remaining Cu2SnS3 and ZnS phases implies
incomplete formation of CZTS.

In the Raman spectra of Type 2 samples, it is observed that the most
intense peaks lie between 336 and 339 cm−1 (Fig. 5(b)) and they are
attributed to A mode of KS with ordered structure. Weak peaks around
264, 289 and 370 cm−1 attributed to A, A and B (LO) modes, respec-
tively [50,61]. For the sample F sulfurized for 60min, extra peaks at
around 407 cm−1 and at 452 cm−1 were observed. Peak at 407 cm−1

belongs to MoS2 phase [58]. Peak at 452 cm−1 may be assigned to E2
(High) mode of ZnO. However, direct attribution is not possible since
this mode generally appears between 437 and 444 cm−1 [62]. In fact,
due to the high optical band gaps of ZnS (~3.6 eV) and ZnO (~3.2 eV),
325 nm excitation wavelength would be needed for resonant Raman
scattering analysis of pure ZnO [63] and ZnS [64]. MoO2 observed in
XRD analyses could not be detected due to the low penetration depth
(170 nm) of laser. The broad band at 668 cm−1 can be attributed to
second order of the main Raman band of CZTS [65]. Presence of this
band indicates the improved crystalline quality of the material. As it
can be seen from Fig. 5(b) and Fig. 6(b), almost all peaks can be directly
detected in our experimental spectra. Peaks at 309 and 354 cm−1 were
better resolved after deconvolution and may be attributed B(TO) vi-
bration modes of KS CZTS. Peaks detected at 354 cm−1 may be also
attributed to the ZnS secondary phase.

As it can be seen from Fig. 6(b), Raman curve shows less broadening
in the range of 250–450 nm for Type 2 samples. Cubic ZnS is the only
possible secondary phase may present in the CZTS films according to
the deconvolution results [57]. For Type 2 samples, A mode of KS lies
between 336 and 339 cm−1 with a narrower bandwidth which indicates
Type 2 samples have reduced number of defects compared to Type 1
samples since shifting of the A mode of KS towards lower frequencies
are attributed to the existence of defects. Higher number of defects, and
remaining Cu2SnS3 and ZnS phases indicate that the last stage reaction
to form CZTS is restricted for Type 1 samples [25]. It has been shown
that there is a correlation between the full width half maximum
(FWHM) of the main Raman peak of CZTS at 338 cm−1 and the degree
of CueZn ordering, the FWHM become smaller for more ordered ma-
terials [66]. Increase in the FWHM of the main Raman peak of CZTS
indicates enhancement of disordering. Among all samples, it is thought
that the Sample D has highest degree of ordering in CZTS because it has
the highest frequency of main A mode and the narrowest bandwidth.

3.4. IeV characterization of CZTS solar cells

Fig. 7 show the dark J-V and light J-V curves of devices fabricated
using Type 1 and Type 2 CZTS absorber layers, respectively. In order to
prevent confusion, they are called as Type 1 and Type 2 devices ac-
cording to their absorber layers. Minutes in the graphs represents the
sulfurization times of the CZTS absorber layers. Dark J-V characteristics
of all devices indicate the formation of high quality junction between
the CZTS absorber and Zn(O,S) buffer. Strong distortion of the J-V
curve under light can be seen, the curve shows a kink-like shape in the
forward bias direction. CZTS solar cell devices fabricated in this work
mainly suffer from low FF and Jsc essentially due to this distortion. J-V
distortion, the reduced Jsc and the reduced FF can be explained by the
barriers at the hetero-junctions [67]. The barrier height is defined as
the distance between the Zn(O,S) conduction band at the Zn(O,S)/CZTS
interface and the electron Fermi level (EF) at the ZnO/Zn(O,S) interface.
Spike like conformation between buffer and absorber layer forms a
secondary barrier. If the barrier height is high, it may restrict electron

transport and thus leads to the J-V distortion. The CBO between CZTS
and Zn(O,S), electron doping density the Zn(O,S) and band gap of Zn
(O,S) are the main factors that affect the barrier height [68].

As it seen from the light J-V curves, the photocurrent starts to be-
come blocked at a reverse bias. The net current is small and equal to the
photocurrent at 0 V. The small photocurrent indicates the high barrier
height for the electrons. At higher voltages around 200mV, there is also
diode current and shunt current in addition to photocurrent. Therefore,
the net current decreases from suddenly due to impeded photo-current
collection. This leads to kinked J-V curve and significantly decreases
the FF of the device. At higher voltages, J-V crossover occurs due to
voltage dependence photocurrent for all devices. Under illumination,
the net electric field, which separates the photo-generated carriers,
vanishes at the built-in potential. Built-in potential depends on barrier
height. Since the barrier is reduced due to the electron-hole pairs
generated by the photons, built-in potential under illumination is lower
than that of dark. As a result, dark and light J-V curves are crossover.
The net photocurrent becomes zero at the built-in potential where
crossover occurs since there is an equal probability for photo-generated
carriers two diffuse to either of the two contacts. When the cell is biased
to larger voltage, direction of the electric field and photocurrent
change.

Strong dependence of device performances on both sulfurization
time and the thickness of bottom Cu layer in CZTS precursors is further
observed. As it can be seen, Jsc, Voc and η values are reduced with in-
creasing sulfurization time. Moreover, Type 2 CZTS cells, which have
high thickness of bottom Cu layer in CZTS precursors, have higher
performance parameters at a certain sulfurization time. Impeded photo-
current collection due to high barrier height has a negative effect on the
device performance which results in reduced FF and Jsc. There are also
many other factors that are critical for the performance of CZTS solar
cells such as secondary phases in the bulk CZTS and ordering level of
CZTS. Possible presence of ZnS and Cu2SnS3 phases realized by Raman
analyses for CZTS films with Type 1 structure. The presence of ZnS can
give insulator regions in the CZTS due to its the high band gap (3.6 eV).
It does not influence the Voc but can cause an increase in the series
resistance because of its low conductivity. ZnS segregations can both
reduce the active area and inhibit the current conduction in the ab-
sorber, reduces the device performance. Cu2SnS3, which is a p-type
semiconductor with metallic character, can reduce the Eg and increase
the conductivity of the device by forming a solid solution with CZTS.
Both of minority and majority carriers flow to Cu2SnS3 due to its small
Eg, thus it acts as a recombination center, reducing both Jsc and Voc.
SnS2 observed in SEM analyses of Type 1 samples is a n-type semi-
conductor with a direct Eg of 2.2 eV. This secondary phase can act as an
insulator, if it is present in larger quantities it is also possible to form a
second diode with a polarity opposite to CZTS, which prevents the
carrier collection and reduces the FF. SnO2 and ZnO phases were ob-
served in Type 1 and Type 2 CZTS films, respectively. Since these oxide
phases have large bandgaps (Eg(ZnO)= 3.2 eV, Eg(SnO2)= 3.8 eV),
presence of these oxides may also give insulator regions in the CZTS and
reduce the device performance. Moreover, high amount of these oxides
leads to high densities of antisite disorder, thus causing reduction of
Voc.

An over-thick MoS2 layer may also deteriorate the electrical contact.
Side view SEM images of the Type 2 samples were given in Fig. 8 to
show the formation and evolution of a MoS2 interfacial layer over the
sulfurization time. In these images, 1st Mo layer indicates the Mo layer
produced at higher working pressure an 2nd Mo indicates the Mo layer
produced at lower working pressure. Formation of MoS2 can occur
through decomposition reactions at CZTS/Mo and/or during the CZTS
sulfurization process which supply S [69]. Since MoS2 is indirect
semiconductor with a low Eg of 1.29 eV, it reduces the Voc of CZTS solar
cells [70]. The thickness of the MoS2 phase was determined as 59, 126
and 225 nm for sulfurization durations of 30, 45 and 60min, respec-
tively. This indicate that sulfurization for longer durations at high
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temperature trigger the formation of MoS2. Voc values of both Type 1
and Type 2 cells does not monotonically changed with the thickness of
MoS2 different than expected. Because, there are many other factors
that affect Voc [71,72]. Considering all these factors together, it is un-
derstandable that Voc values do not change monotonically with Mo
thickness.

Voids results from out-diffusion of elements and the decomposition
of CZTS films have been observed near the CZTS/Mo interface. Reduced
adhesion of CZTS on MoS2 due to high amount of voids can be seen at
high sulfurization duration. These voids may act as recombination
centers, lower Jsc and Voc. Moreover, they can act as shunting paths and
decrease the shunt resistance [73]. These indicate that low sulfurization

time is favorable to obtain MoS2 layer with low thickness and restrict to
void formation.

Due to CuZn and ZnCu antisite defects, the change in the ordering
level depending on thickness of Cu adjacent to Sn was observed in
Raman spectroscopy analyses. Timmo, et al. have suggested that im-
proved ordering increase the Eg of the CZTS and result in enhancement
of Voc [72]. It should be noted that the change in the band gap energy
(ΔEg) is followed by change in Voc for an ideal solar cell. Additionally,
high densities of antisite disorder (CuZn, ZnCu) lead to band tailing, thus
causing reduction of Voc [74]. Improvement of Voc due to increased
CueZn ordering has been also observed for Cu2ZnSnSe4 [75] and
Cu2ZnSn(S,Se)4 [76]. According to these works, enhancement of Voc for

Fig. 7. J-V curves of Type 1 CZTS solar cells (a) Device A (b) Device B (c) Device C and Type 2 CZTS solar cells (d) Device D (e) Device E (f) Device F.

Fig. 8. Cross-section image of (a) Sample D (b) Sample E (c) Sample F showing evolution of MoS2 at the Mo/CZTS interface.
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Type 2 devices may be also attributed to the improved ordering of the
samples. Among all samples, the highest degree of ordering in CZTS was
obtained for Sample D which has also highest Voc.

All phases present in CZTS absorbers explains how the thickness of
the bottom Cu layer in CZTS precursors affect device performances.
Higher degree of ordering and complete CZTS formation with less
secondary phases for Type 2 absorber layers with thicker Cu layer ad-
jacent to Sn layer in precursors provides better device performances.
Among these phases, formation and evolution with increasing sulfur-
ization time is only observed for the MoS2, ZnO and SnO2 phases.
Therefore, degradation of the device performances with increasing
sulfurization time is mainly attributed to formation and evolution of the
MoS2 and SnO2 phases for Type 1 devices and MoS2 and ZnO for Type 2
devices with increasing sulfurization time. Reduction of Jsc with in-
creasing sulfurization time can be results from the evolution of the ZnO
and SnO2 phases. As in EDS, XRD and Raman analyzes, J-V results also
confirms that Type 2 structure and 30min sulfurization of CZTS pre-
cursors is the best to have better device performances. It should be
specified that the devices fabricated from CZTS absorbers sulfurized at
shorter durations (15 and 20min) have not worked which may be due
to incomplete formation of CZTS phase.

4. Conclusion

To develop relatively new, rapidly developing CZTS thin film solar
cells, CZTS absorber layers were investigated to identify the impact of
the growth conditions on film properties, optimize the growth process
and apply the developed films to CZTS devices. CZTS films based on a
stacked precursor (Cu/Sn/Zn/Cu) were prepared. The effect of sulfur-
ization time and the thickness of top and bottom Cu layer in precursor
on the properties of CZTS thin films were investigated. Based on SEM,
EDS, XRD and Raman analyzes, it was concluded that 1) if the thick Cu
layer is not adjacent to Sn layer, Sn loss increases, 2) when thick Cu
layer is not adjacent to Sn, formation of CZTS is restricted, films exhibit
disordered structure with many secondary phases, 3) thin Cu cap layer
cannot prevent the Zn loss, while the Sn loss is prevented by thick Cu
layer at the bottom of the stack, 4) the sulfurization time should be
lowered to avoid the Sn an Zn losses and formation of the oxide phases.
After the optimization of the growth process, CZTS solar cells were
fabricated using only the magnetron sputtering technique for all thin
films in the cell structure which provide easy adaptation to large-scale
and reproducible manufacturing of the CZTS solar cells. As in CZTS thin
film analyzes, J-V results also confirmed that thicker Cu layer should be
adjacent to Sn layer in precursors and low sulfurization time of pre-
cursors are needed to have better device performances. The best device
yielded a power conversion efficiency of 1.17% with a Voc= 631.0mV,
Jsc= 8.20mA/cm2 and FF= 22.6%. Conventionally used CdS buffer
layer also substituted with environmentally friendly alternative Zn(O,S)
buffer layer in CZTS solar cells.
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